To understand the nature and function of bacterial biofilm and the process of its formation, we have performed systematic screening of a complete set of Escherichia coli genes/open reading frames (ORFs) to identify those that affect biofilm development upon overexpression. In contrast to the biofilm of strain AG1 used as a control, some of the genes/ORFs when over-expressed led to the formation of an abnormal biofilm such as thin, mat-like, filamentous or one easily detaching from various surfaces. Disruptants of selected genes were constructed in order to clarify their roles in the different stages of biofilm formation. Our results suggest that diverse metabolic pathways contribute to the development of biofilm. ß
Introduction
Bacterial bio¢lm is composed of surface-attached cells and exopolymeric substances (EPS) excreted from them that would provide an optimal environment for the cooperative behavior amongst cells such as exchange of genetic material or e⁄cient substrate utilization [1] . Stoodley et al. [2] suggested that complex cell^cell interactions within prokaryotic communities are an ancient characteristic and that both bio¢lm and planktonic stages of cells may be viewed as integral parts of prokaryote life. Bio¢lm development proceeds in several stages wherein cells initially adhere, divide and colonize on a surface [3] . Consequently, they surround themselves with exopolymeric ¢lm and recruit more cells to form microcolonies interspersed with £uid-¢lled channels. Bio¢lm thus formed has been reported to increase resistance to antibiotics, thereby causing problems in the medical treatment of certain infectious diseases [4] .
The transition of bacterial cells from planktonic to bio¢lm stages is believed to involve a highly complex regulatory process a¡ecting the expression of divergent functional groups of genes. Changes in the expression levels of about 38% of Escherichia coli genes were observed during the transition from planktonic to bio¢lm mode [5] . Proteomic analysis of mature bio¢lm of E. coli O157:H7 yielded a more modest estimation and identi¢ed only 17 proteins a¡ected [6] . However, microarray analysis of bio¢lm revealed changes only in the expression of about 1% of Pseudomonas aeruginosa genes [7] and less than 2% of E. coli genes [8] .
While the genetic components that determine bio¢lm formation may vary depending on strains and growth conditions [9, 10] , studies indicate the involvement of signal transduction pathways [11] . In addition, bacteria usually require £agella in the initial stage, although they employ di¡erent outer membrane adhesins (including type I, type 4 or curli ¢mbriae) to facilitate adhesion. Quorum-sensing molecules [12] and EPS [13] also contribute to the overall [18] . We have performed systematic screening of a complete set of E. coli genes/open reading frames (ORFs) termed 'archive clones' for those that a¡ect bio¢lm development upon over-expression as will be described below.
Materials and methods

Over-expression strains
Each of the E. coli archive clones, which include some 4300 genes/ORFs incorporated into pCA24N (lacI q ,Cm r ), was introduced into strain AG1 (recA1 endA1 gyrA96 thi-1 hsdR17(r K -m K +) supE44 relA1) [19] . The gene/ORF in each clone was placed under the control of a strong promoter inducible with isopropyl-L-D-thiogalactopyranoside (IPTG) and was fused with green £uorescent protein. AG1 harboring the vector alone was used as the control. Cells were cultured in LB medium with chloramphenicol (35 Wg ml 31 ) and IPTG (0.1 mM) added when necessary. Information concerning the archive clones is available at http:// ecoli.aist-nara.ac.jp.
Assay for bio¢lm formation
The procedure to characterize the bio¢lm-forming capacity of bacteria described by O'Toole et al. [20] was generally followed. Bio¢lm was allowed to form by incubating 100 Wl of a 1/100 dilution of an overnight LB culture in 96-well polystyrene microtiter plates (BM Bio, Japan) at 25 ‡C for 24 h. Individual wells were washed with deionized water, stained with 0.1% crystal violet (CV), rinsed and dried. The bottom of each well was observed under the microscope at 100U magni¢cation to characterize the bio¢lm formed. Subsequently, the amount of bio¢lm was quanti¢ed by measuring the absorbance (OD 600 ) of CV dissolved in ethanol using a plate reader. Parallel assays were performed with each of the 4300 archive clones. Strains that showed considerable changes in the amount and/or morphology of bio¢lm were analyzed further. Bio¢lm formation was similarly observed in M63 minimal medium [21] and in 1.5-ml polypropylene and 5-ml glass tubes.
Assay for growth, motility and ¢mbriae production
The growth of AG1 cells harboring individual archive clones was monitored in LB liquid medium or LB agar plates, with or without IPTG. Motility was observed in semi-solid agar plates (1% tryptone, 0.5% NaCl and 0.3% Difco agar) at 30 ‡C and photographed after 8 h [22] . Non-motile phenotype was con¢rmed by viewing cells under the microscope and analyzing £agellin production by SDS^PAGE [23] . Mannose-binding type I ¢mbriae were assayed with respect to the ability to agglutinate W303 wild-type yeast cells [24] . Curli ¢mbriae production of colonies was judged on CFA-Congo red plates as developing red colonies when incubated at 25 ‡C for 2 days [25] .
One-step gene disruption
Gene disruptants were constructed with either W3110
, rph-1, v(rhaD-rhaB)568 by using the 'one-step disruption method' [26] and con¢rmed by PCR. Derivatives that have lost the antibiotic cassette through FLP recombination mediated by pCP20 (Am r Cm r ) were also constructed. When necessary, disruptions were introduced into other strains by P1kc transduction [27] .
Results and discussion
Characterization of the bio¢lm formed
Of about 4300 archive clones examined, some 70 of them showed remarkable alterations of the bio¢lm formation in AG1 cells when over-expressed with IPTG in LB medium (Table 1) . We classi¢ed them into three categories, namely, (a) decreased amount of bio¢lm, (b) abnormal bio¢lm structure, and (c) ¢lamentous bio¢lm, as described below. Growth of cells over-expressing the archived genes di¡ered widely and we excluded cases if strains were not suitable for bio¢lm analysis due to severe growth defects.
Genes causing decreased bio¢lm
The bio¢lm formation of cells containing the ¢rst group of genes was generally thinner, with fewer adherent cells when viewed under the microscope. The presence of plasmid containing the archived gene by itself did not cause a remarkable decrease in bio¢lm formation unless induced with IPTG. Fig. 1 shows typical levels of bio¢lm formed in LB medium after 36 h at 25 ‡C. Cells growing in the presence or absence of IPTG were comparatively analyzed with respect to the amount of bio¢lm formed as described in Section 2. Some strains that showed slower growth were not as e⁄cient in producing bio¢lm as the control even if compared at equivalent cell densities. Fig. 1 . Decreased levels of bio¢lm formation. Cultures were grown at 25 ‡C for 36 h in LB with 35 Wg ml 31 chloramphenicol and without or with 0.1 mM IPTG and assayed for bio¢lm-forming capacity as described in Section 2. The levels of CV staining are expressed relative to the ¢nal cell density measured prior to bio¢lm assay, namely OD 600 of dissolved CV versus OD 600 of culture. Each strain was assayed in triplicate and the trends are described if con¢rmed in at least two independent experiments. Bars represent averages and standard deviations. The production of £agella appears to be the most dominant factor that results in thin bio¢lm formation. Genes related to £agella have already been implicated in bio¢lm development suggesting their roles for £agella in cellular movement and in providing structures for adhesion within bio¢lms. Indeed, strains over-expressing £gFGIL (genes for the synthesis of £agellar basal body) and £iH (gene implicated in the export of £agellar proteins) were found to be impaired in bio¢lm formation and some were defective in motility and £agella production. However, overexpression of chemotaxis regulators, cheA, cheB and cheY, did not show the same e¡ect on bio¢lm formation. This was in agreement with previous studies that it is £agellar motility, but not necessarily the coordination of movement by chemotaxis, that is important for bio¢lm colonization [28] . Also, over-expression of £gF and £gL resulted in mucoidy that could further prevent direct cell contact and adhesion.
In addition, we identi¢ed that wcaK that is involved in colanic acid synthesis belonged to this group. Colanic acid is a component of exopolymeric matrix that determines the overall bio¢lm architecture in E. coli [13] . In support of this, another putative colanic acid-related gene, wcaJ, was found to cause abnormal bio¢lm formation (see below) as well.
Cells over-expressing secY and gspA that encode components of secretory pathways exhibited decreased motility and thin bio¢lm. Possibly, these genes participate in active secretion of proteins required during bio¢lm formation. Similarly, cytochrome c biogenesis appeared to be important for the development of bio¢lm, since ccmF over-expression caused decreased bio¢lm and ccmD and ccmE over-expression resulted in abnormal bio¢lm. Interestingly, genes for three cytochrome c oxidase subunits were found to be down-regulated during bio¢lm formation in P. aeruginosa and may contribute to antibiotic resistance [7] .
Genes causing abnormal bio¢lm
The bio¢lm of cells containing the genes categorized in the second group is heterogenous in appearance when viewed under the microscope. Instead of the smooth layering of cells punctuated by microcolonies observed in the control bio¢lm, higher tendency of CV-stained cells to clump in certain areas to form localized mats was observed when the genes belonging to this group were over-expressed (Fig. 2a) . The nlpB gene encodes a lipoprotein and is involved in the outer membrane, while the cellular functions ydiJ and yfcS are still unknown. In severe cases, abnormal bio¢lm could be easily seen with naked eyes. As shown in Fig. 2b , the bio¢lm formed by cells carrying yceG (function unknown), ccmD (cytochrome biogenesis) and pspC (phage shock protein) was found to be very fragile and easily detached from the surface when the genes were induced by IPTG. When stained with acridine orange, mat-like structures of viable cells as well as regions with very few adherent cells (possibly gaps and water channels) were observed. Similar bio¢lm properties were observed on polypropylene and glass surface (data not shown). Many of the strains of this group showed partial growth retardation, hence the abnormal bio¢lm formation did not always result in thick layers and the phenotype ranged from mild to severe.
In addition to the gene for colanic acid synthesis (wcaJ) described above, those for curli production and assembly (csgG and csgF) and a number of hypothetical genes were found to result in abnormal bio¢lm architecture when over-expressed. Some strains in this group exhibited impaired motility but all were found to express type I and curli ¢mbriae. The genes in this group belong to diverse functional classes or of unknown functions, and it is di⁄-cult to speculate on their speci¢c roles in bio¢lm formation. In particular, the expression of ORF 345#3 (b1973) was found to be reduced more than 44 times in cells in bio¢lm compared to those in the stationary growth phase [8] . This is in agreement with our observations. Further analysis is under way to clarify the mechanism leading to the altered physical properties of the bio¢lm observed.
Filamentous bio¢lm group
Over-expression of the genes of this group a¡ected cellular morphology and caused ¢lamentous bio¢lm formation in layers of varying thickness and arrangement. Microscopic analysis showed that cells may attach to surface with minimum contact with other cells, or may be intertwined with other ¢laments as depicted in Fig. 3 . Generally, elongated cells were less adherent and formed fragile bio¢lm but increased CV staining was also observed in some cases.
As expected, genes of this group included well-studied Fig. 3 . Filamentous bio¢lm morphology. Bio¢lm was allowed to develop at 25 ‡C for 24 h in LB medium in polystyrene microtiter plates and stained with CV as described in Section 2. Bio¢lms formed at the bottom of the wells were photographed by using a microscope equipped with a CCD camera and analyzed with the Adobe Photoshop software.
cell division genes such as minD, minE as well as ftsQXZ as listed in Table 1 . Found also were genes such as relE that encodes a global inhibitor of translation during nutrient deprivation and ¢s for a DNA-binding protein that had been implicated in bio¢lm formation in enteroaggregative E. coli [29] . Over-expression of malK (a member of the ABC transporter gene family) was found to a¡ect growth and cause formation of ¢lamentous and fragile bio¢lm. Microarray analysis revealed that the expressions of malK as well as malEG are signi¢cantly upregulated in E. coli bio¢lm suggesting an as yet unknown role for the maltose operon genes in bio¢lm formation [8] . Some of the function-unknown ORFs included in this group would be good candidates of genes involved in cell division. In fact, YgfE was recently identi¢ed as the counterpart of Bacillus subtilis ZapA protein that promotes the assembly of FtsZ and is required for cytokinesis [30] .
Dispersal of cells during cell division has been reported to be important for colonization on new surface [31] but such movement is restricted when cells grow in ¢laments. Under such circumstances, therefore, cells may have to adopt di¡erent strategies to build and maintain bio¢lm to compensate for the di⁄culty.
Disruption of selected genes
We expanded our analysis by studying the bio¢lm phenotypes of deletion strains of selected genes in the W3110 background. We disrupted those genes that showed most remarkable phenotypes with respect to bio¢lm formation when over-expressed (Table 2A) and examined the bio¢lm formation of each strain. In addition, we likewise disrupted and analyzed 61 genes for outer membrane proteins (OMPs) [32] that are likely to be involved in interactions with bio¢lm (Table 2B ). Of the 72 gene disruptants we examined, only those related to £agella and type I ¢mbriae were con¢rmed to be necessary for proper bio¢lm formation.
Disruption of ¢mB that positively regulates the expression of the type I ¢mbriae operon, ¢mD for a ¢mbrial chaperone protein and £gH for the £agellar basal body, resulted in defective adhesion. On the other hand, disruption of ¢mE, a negative regulator for ¢mbriae, resulted in considerably thicker bio¢lm formation notably on the side of polypropylene tube (Fig. 4a) . Subsequently, the four genes, ¢mB, ¢mD, ¢mE and £gH, were disrupted in curliated strain BW25113 and their e¡ects were analyzed as well. It was found that very similar phenotypic changes were observed with BW25113 mutants (data not shown). . Candidate genes were deleted by using the 'one-step disruption method' as described in Section 2. Cultures were grown at 25 ‡C in LB for 24 h. The tubes were rinsed with deionized water to remove non-attached cells, stained with CV, rinsed and dried. a These genes are related to wca genes that were analyzed in the over-expression assay (see text). b OMP genes listed in SWISS-PROT and described by Molloy et al. [32] were analyzed. Gene names are according to the Genobase database. Names in parentheses indicate homologs of respective genes.
Type I ¢mbria is one of the several phase-variable adhesins that mediate surface attachment. The on^o¡ inversion of the ¢m gene cluster is catalyzed by the recombinase ¢mE, while ¢mB catalyzes the inversion in both directions [33] . A ¢mB strain has been previously shown to be partially defective in bio¢lm formation in minimal medium [34] . Results of yeast agglutination assay con¢rmed that ¢mB and ¢mD disruptants were defective in the production of type I ¢mbriae and introduction of the respective archive plasmids complemented the defect. Deletion of both ¢mE and ¢mD resulted in a bio¢lm-defective strain (Fig. 4a) . This suggests that the absence of ¢mE may promote ¢mbrial production, but if proper assembly and surface display of ¢mbriae cannot proceed in the absence of ¢mD chaperone, no bio¢lm is formed. In addition, introducing ¢mE deletion could not restore bio¢lm formation in £gH disruptant, suggesting that the interaction promoted by type I ¢mbriae is not su⁄cient to compensate for the absence of £agellar-mediated adhesion.
All other OMP deletion mutants of W3110 tested were able to form bio¢lm in LB medium. It appears that changes that a¡ect the protein composition and general structure of the outer membrane have little e¡ect on bio¢lm development, at least under the conditions employed. Also, none of the genes selected on the basis of the results of their over-expression caused unusual bio¢lm formation in LB or M63-glucose medium or in the presence of varying concentrations of NaCl (0.1^0.4 M) when deleted in W3110 strain. Although it has been reported that curli production is important for the adherence of bio¢lm-forming cells [35] , disruptants of csgF and csgG genes for curli transport and assembly formed bio¢lm. We observed that the strain W3110 we used to construct disruptants was ine⁄cient in curli production, judging from the color of its colonies on Congo red plates (data not shown). Nevertheless, they formed bio¢lm of normal thickness. Therefore, we deleted the csgG and csgF in the curliated strain BW25113, and found that their deletions did a¡ect bio¢lm formation in this strain (Fig. 4b) . The discrepancy between the two strains could most likely be due to their background, indicating the presence of additional gene(s) that would a¡ect bio¢lm formation in combination with curli production.
Concluding remarks
We have described here a comprehensive analysis of the genes/ORFs that a¡ect bio¢lm formation in E. coli. We would like to note that the results obtained by the overexpression of the genes in individual archive clones are dependent at least partly on the intrinsic bio¢lm-forming capacity of AG1 cells grown in LB medium at 25 ‡C. Some of the genes were unable to be correctly analyzed since their over-expression resulted in very poor growth. Use of a di¡erent strain, medium or other growth conditions may lead to the identi¢cation of di¡erent sets of genes that are important in bio¢lm formation as in the case of curli genes described above. Many of the genes that resulted in bio¢lm defects when over-expressed could be deleted without adverse e¡ect in bio¢lm development. More systematic analysis of disruption of individual genes/ORFs will be performed further.
